H
uman embryonic stem (ES) cells are undifferentiated pluripotent cells derived from the inner cell mass (ICM) of blastocyst-stage embryos (1, 2) . These cells may form embryonic tumors when injected into muscles or testes of severe combined immunodeficiency mice (1, 2) . Additionally, human ES cells can differentiate in vitro into embryoid bodies (EBs) comprising the three embryonic germ layers (3) . This differentiation process may be somewhat directed by the addition of growth factors to the media (4, 5) . Indeed, several cell types have been characterized during differentiation, including neurons (5-7), pancreatic ␤ cells (8) , cardiomyocytes (9) , and hematopoietic cells (10) . In addition, methods for genetically modifying human ES cells now allow labeling and sorting of cells at different stages of differentiation (11) . Thus, human ES cells hold promise to serve as an unlimited cell source for therapeutic transplantation. For such purposes, it is essential to determine whether human ES cells express MHC proteins.
The classical MHC class I (MHC-I) proteins generated from the HLA-A, -B, or -C loci are composed of a heavy chain, which interacts with ␤2 microglobulin, and a peptide. HLA-E, a nonclassical MHC-I, is expressed on the surface of all cells expressing MHC-I proteins after interacting with the leader peptides of various MHC-I proteins (12) . Recognition of MHC-I molecules by cytotoxic T lymphocytes (CTL) can stimulate the killing of the MHC-I-presenting cell. Other cells capable of killing virus-infected and tumor cells are the natural killer (NK) cells. The killing of various targets by human NK cells is achieved primarily by three NK lysis receptors, i.e., NKp30, NKp44, and NKp46 (13) . The cellular ligands that are recognized by these receptors and are expressed on the surface of the NK-sensitive target cells are currently unknown. A hemagglutinin protein was recently demonstrated to be the viral ligand for the NKp44 and NKp46 receptors (14, 15) . The MHC-I proteins can also serve as ligands for NK cells; however, contrary to CTL, the recognition of MHC-I proteins by NK cells leads to inhibition of NKmediated cytotoxicity (16) . The nonclassical MHC-I molecules, HLA-G and -E, were also found to inhibit killing by NK cells (16) . HLA-G is selectively expressed at the fetomaternal interface on the surface of cytotrophoblasts (17) and was also found in trophectodermal cells of some early human embryos but not in ICM cells (18) . HLA-G is thought to protect the fetus from maternal uterine NK cells, thus playing an important role in immunological tolerance of the fetus by the mother (19) .
Although MHC-I is expressed in almost all tissues, MHC-II is expressed primarily on B lymphocytes, macrophages, and dendritic cells (antigen-presenting cells). Expression of MHC-I, MHC-II, and other genes involved in the intracellular machinery that enables peptide loading to the MHC molecules can be induced in response to cytokines, in particular IFNs.
Information regarding the expression levels of MHC-I proteins on the surface of human ICM cells, from which ES cells originate, is inconclusive (18, 20) . Lack of MHC-I expression on human preimplantation embryos was reported in one paper (20) , whereas in another, MHC-I expression on the ICM of two of five human preimplantation embryos was demonstrated (18) . In addition, it is not yet certain whether all adult stem cells express MHC-I molecules (21, 22) .
In this study, we characterize the expression profile of MHC molecules on the surface of human ES cells and in their differentiated derivatives. We demonstrate low expression levels of MHC-I molecules on the surface of human ES cells. This expression is dramatically elevated when cells are incubated with IFNs. Recognition of human ES cells by NK lysis receptors was low or absent, and only a low level of killing was achieved when human ES cells were incubated with NK cells. Thus, this report presents an initial attempt to address the graft rejection issue of cells derived from human ES cells.
Materials and Methods
Cell Culture. Human ES cell lines H9 (1), H13 (1), and HES1 (2) were cultured as previously described (3, 4) . The undifferentiated cell cultures were induced to differentiate in vitro into EBs, as described (3) . Two independent human teratoma cell lines derived from the H9 line were grown on 0.1% gelatin-(Merck) coated plates with human ES cell media. HeLa cells were cultured in DMEM (GIBCO͞BRL), supplemented with 10% FCS (GIBCO͞BRL). The MHC-I-negative human cell line 721.221 cells (23) and the various 721.221 transfectants were cultured in RPMI-1640 medium (GIBCO͞BRL), supplemented with 10% heat inactivated FCS (GIBCO͞BRL). NK cells were isolated from peripheral blood by using the human NK cell isolation kit and the autoMACS instrument (Miltenyi Biotec, Auburn, CA). NK cells were grown in culture as previously described (24) .
Cytokine Treatment. Lyophilized cytokines (PeproTech, Rocky Hill, NJ) were reconstituted at a concentration of 1,000 g͞ml of IFN-␣, 10 g͞ml of IFN-␤, and 100 g͞ml of IFN-␥, aliquoted and stored at Ϫ20°C. To find the dose response of human ES cells to IFN-␥, 2.5-50 ng͞ml of the cytokine was added to the growth media for 48 h. For time-course analysis, MHC-I expression was monitored 12-72 h after addition of 25 ng͞ml of IFN-␥ to the growth media. In cytokine withdrawal experiments, cultures were passaged into medium lacking IFN-␥, and protein expression was monitored 3 days after the first passage and 4 more days after the second passage.
Abs. Primary Abs used in this work were: mAb W6͞32 directed against conformed MHC-I proteins (25) ; BBM1, which recognizes ␤2-microglobulin (26); HC10, which preferentially binds free HLA-B and -C heavy chains (27) ; anti-HLA-E and anti-HLA-G (V. Horejsi, personal communication). Staining with various mAbs was followed by staining with a secondary FITCconjugated goat F(abЈ)2 fragment to mouse IgG (ICN). For MHC-II detection, FITC-conjugated mouse anti-human HLA-DP, DQ, DR (Dako) mAbs were used.
Ig Fusion Proteins. The generation of NKp30-Ig, NKp44-Ig, NKp46-Ig, and CD16-Ig fusion proteins and the staining procedure were previously described (14, 15) . The various Ig-fusion proteins were recognized by phycoerythrin-conjugated goat anti-human Fc (Jackson ImmunoResearch) Abs.
Staining Procedures. All adherent cells were trypsinized and resuspended in FACS medium (PBS containing 0.5% BSA, 0.05% Azid) to reach a final concentration of 3 ϫ 10 5 Ϫ 10 6 cells͞ml. Cells were dispensed into 96-well U-bottom plates (Nunclon, Naperville, IL). Blocking was performed on ice for 1 h with 10% human serum. Cells were stained by incubation with primary followed by secondary Abs for 1 h on ice. Detection of MHC-II proteins was performed as described without addition of secondary Ab. Staining for NK ligands was performed by the addition of approximately 10 g of Ig fusion protein to 10 5 cells in 100-l volume, for 2 h on ice without blocking. After centrifugation, cells were incubated with phycoerythrinconjugated secondary Ab for 1 h on ice. Then cells were washed and resuspended, as noted above. S release assays, as described (24) . In all presented cytotoxic assays, the spontaneous release was Ͻ20% of maximal release.
HLA Typing. HLA allele typing was performed by using LiPA HLA-DRB1, -DQB1, -A, -B, and -C kits (Innogenetics, Alpharetta, GA).
Results

Expression of MHC Proteins in Human ES Cells and in Differentiated
Derivatives. To analyze the expression of MHC-I proteins on the surface of human ES cells, we used the BBM1 mAb directed against ␤2 microglobulin and the W6͞32 mAb directed against HLA class I (HLA-I) proteins. Staining with these Abs revealed relatively low levels of MHC-I expression in the H9 human ES cell line (Fig. 1) . Low expression levels of MHC-I were also recorded in a different human ES cell line (H13) (Fig. 1) . Because somatic cell lines express high levels of MHC-I molecules, we examined whether the differentiation process of human ES cells either in vitro or in vivo would cause MHC-I upregulation. In vitro differentiation of human ES cells into EBs resulted in a slight elevation of MHC-I protein expression (2-to 4-fold increase). The median fluorescence intensity staining of ␤2 microglobulin was 85 in EBs as compared with 25 or 38 in undifferentiated human ES cell lines (Fig. 1) . The expression level of MHC-I proteins on the surface of teratoma cells, which represent in vivo differentiation of human ES cells, was moderately elevated (approximately 8-to 10-fold) (Fig. 1) . It should be noted, however, that the expression levels of MHC-I proteins on the surface of human ES cells, before or after differentiation, were one to two orders of magnitude lower than those observed in human somatic cell lines, such as HeLa cells ( HLA-G cells were highly stained by this Ab (Fig. 1) . The expression of free HLA-B and -C proteins on the surface of human ES cells was assayed by the HC10 Ab (27) . No significant binding of HC10 was observed in undifferentiated or differentiated human ES cells (data not shown). The absent binding of HC10 suggests that the association of heavy and light chain subunits of MHC-I proteins on the surface of the cells is stable.
Effects of IFNs on MHC-I Protein Expression in Undifferentiated and
Differentiated Human ES Cells. IFNs are cytokines that are released in the course of immune responses and affect many of the processes associated with effective immunity, one of which is increased expression of MHC-I and -II proteins. Because human ES cells and their differentiated derivatives express relatively low levels of MHC-I proteins, we therefore tested whether treatment of human ES cells with IFNs will result in the increased expression of MHC proteins. IFN-␣, -␤, or -␥ was added to the growth media and MHC-I protein expression was assayed 48 h later (Fig. 2) . No significant change in the level of MHC-I expression was observed after the addition of 1 ng͞ml up to 100 ng͞ml of IFN-␣ or -␤ to the growth media (shown in Fig. 2 are the effects of the treatment with 100 ng͞ml of IFN-␣ or -␤). In contrast, the addition of 25 ng͞ml of IFN-␥ resulted in a dramatic elevation in the expression of ␤2 microglobulin and HLA-I proteins (one to two orders of magnitude induction) (Fig. 2) . Teratoma cells derived from human ES cells were also treated with IFN-␣, -␤, or -␥ for 48 h (Fig. 2 Lower) . Addition of IFN-␥ (25 ng͞ml) to the growth media of teratoma cells resulted in a dramatic up-regulation of MHC-I protein expression. Interestingly, IFN-␣ and -␤, which had no effect on undifferentiated human ES or on EB cells (data not shown), caused a very high induction of MHC-I protein expression in the differentiated teratoma cells. In agreement with these results, preliminary analysis of the repertoire of genes expressed in human ES cells by using DNA microarrays demonstrates that the receptor for IFN-␥ is indeed expressed in human ES cells, whereas the receptor for IFN-␣ and -␤ is absent (results not shown). The expression of the IFN-␥ receptor in human ES cells was also confirmed by FACS analysis by using an Ab against IFN-␥ receptor ␣ subunit (data not shown). In contrast to MHC-Iinduced expression, MHC-II proteins were absent from teratoma cells after addition of all IFNs (data not shown).
MHC-I-expressing cells also present HLA-E molecules on their surface. The HLA-E protein presents the leader peptides of various MHC-I proteins. As in vivo-differentiated human ES cells express low levels of MHC-I proteins, HLA-E expression was also assayed. Low levels of HLA-E expression were detected on the surface of teratoma cells, and the addition of all IFNs resulted in a significant increase of HLA-E expression (about one order of magnitude induction) (Fig. 2) . Similarly, HLA-E was expressed and up-regulated in undifferentiated cells stimulated by IFN-␥ (data not shown). The anti-HLA-E Ab used was specific, as it recognized 721.221 cells transfected with HLA molecule that can reconstitute surface expression of HLA-E. No staining was observed when 721.221 cells were transfected with HLA alleles that are unable to reconstitute HLA-E expression (data not shown).
The maximal IFN-␥ concentration needed for maximal induction of MHC-I expression on human ES cells was determined by the addition of various concentrations of IFN-␥ to the growth media of human ES cells for 48 h (Fig. 3A) . Maximal expression was observed after treatment with 25 ng͞ml of IFN-␥. A time-course analysis showed that MHC-I expression was elevated as incubation periods with the cytokine were lengthened, the most dramatic increase occurring during the first 48 h (Fig.  3B) . Withdrawal of IFN-␥ from the growth media caused a dramatic decline in MHC-I expression to basal levels (Fig. 3C) . The killing of the class I negative target cells is mediated by a panel of NK cell lysis receptors that includes NKp30, NKp44, NKp46, and CD16 (28-32). As human ES cells express relatively low levels of MHC-I, it was important to determine whether they would be recognized by NK cells. The expression of the ligands to four newly discovered receptors mediating NK-specific recognition was assayed by using NK receptors attached to human Ig, as previously described (15) . Human ES cells were found to be only slightly stained by the NKp44 receptor (29) , whereas no staining was observed by NKp30 (28), NKp46 (30) , and CD16 (31) receptors (Fig. 4A) . We next tested whether naive and IFN-␥ treated human ES cells might still be sensitive to lysis by primary NK cell lines. The NK cells efficiently killed the control NKsensitive B cell line (721.221); however, only minimal killing was observed when human ES cells were tested (Fig. 4B) . A slight increase in the killing of human ES cells by NK cells was observed when target cells were treated with IFN-␥ (Fig. 4B) . Similar results were obtained with cell derived from EBs (Fig.   4C) . None of the NK receptors significantly stained undifferentiated or differentiated cells after IFN-␥ addition (data not shown).
HLA Typing of Human ES Cells.
To perform transplantation of foreign cells into a recipient patient without rejection by CTL and for future investigations of the role of MHC-I proteins with regard to CTL, it is necessary to determine the HLA haplotypes of the human ES cell lines. The HLA composition of three human ES cell lines, H9 (1), H13 (1), and HES1 (2), was determined by PCR analysis of their HLA A, B, C, DRB, and DQB allelic variations (Table 1) . HLA typing reveals that few alleles are shared by at least two cell lines: A02, Cw04, and Cw08 alleles are shared by two cell lines, and B35 is shared by three cell lines.
Discussion
Human ES cells are derived from the ICM of blastocyst-stage embryos (1) . The status of MHC-I expression in human ICM was previously examined by immunostaining with the W6͞32 Ab and gave contradictory results. One report concluded that MHC-I is not expressed (20) , whereas a more recent report showed a positive staining (18) . Yet the expression of MHC-I and -II in human ICM was never quantified. Here we show that human ES cells express MHC-I proteins, albeit in very low levels. Although most somatic cell lines express high levels of MHC-I, the in vitroand in vivo-differentiated derivatives of human ES cells still express low levels of MHC-I. Addition of IFNs, in particular IFN-␥, to the growth media of differentiated human ES cells resulted in high levels of MHC-I protein expression. As the expression of MHC-I molecules may be dramatically and rapidly induced by treating the cells by IFNs, it is possible that a similar phenomenon will be observed after transplantation. Thus, when transplantation of allogeneic human ES cells is performed, the cells might be rejected by CTL.
MHC-II and HLA-G were not expressed in human ES cells or in their differentiated derivatives. As HLA-G is present on extraembryonic trophectoderm cells (18) , the results suggest that, like murine ES cells (33) , human ES cells also do not readily differentiate into the extraembryonic trophectoderm, although they still differentiate into the extraembryonic primitive endoderm. On the other hand, HLA-E expression could be detected, and the expression of HLA-E was elevated after IFN-␥ treatment. Thus, it is likely that antigen processing and presentation are intact and functional in undifferentiated and differentiated human ES cells.
NK cells recognize and kill cells that lack MHC-I expression (32) . The killing is mediated primarily via lysis receptors such as the NKp44 (29), NKp30 (28), NKp46 (30), or CD16 (31). Because only a low level of NKp44 staining on human ES cells was noted, it is likely that the lack of killing of human ES cells by NK cells is not the result of MHC-I-dependent inhibition of lysis but rather due to lack of recognition. Indeed, masking of the MHC-I proteins by a specific anticlass I mAb did not result in increased killing of human ES cells (data not shown). HLA isotyping of three human ES cell lines was performed by PCR. The alleles examined were in MHC-I and -II loci (HLA-A, -B, -C, and -DRB, and -DQB, respectively).
Human ES cells have been suggested to serve as a source of cells in transplantation medicine. We show that the expression of MHC-I in these cells is very low but can be rapidly induced. Because tissue rejection is primarily directed at nonself MHC molecules expressed by grafts, strategies to overcome rejection must be discovered. One option is to form a ''histocompatibility bank,'' in which all human ES cell lines will be stored after being HLA isotyped. Ideally, if large numbers of cell lines from genetically diverse populations can be maintained, adequate levels of isotype matching with patients may be achieved. Derivation of a human ES cell line specifically for each patient was also suggested as a method to overcome tissue rejection. Therapeutic cloning is highly problematic from an ethical and practical point of view; however, recently it was shown that somatic nuclear transfer to human eggs and development of the embryo past pronuclear stage are possible (34) . Another option is to engineer a ''universal cell'' that may be suitable for all patients. As genetic manipulation of human ES cells is now feasible (11) , and human ES cells were found to be insensitive to NK cell-mediated killing, such a cell line might be one that does not express MHC-I proteins.
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